The laser induced fluorescence spectra of the thiohydroxyl radical inert gas complexes, R·SH (R=Ne, Ar, and Kr) are reported. 
I. INTRODUCTION
In recent years, the hydroxyl radical inert gas complexes, R·OH (R=Ne, Ar, and Kr), have received extensive attention.
1 Experiments have characterized the vibrational, rotational, and in some cases the fine and hyperfine structure of both the ground X 2 Π state and the excited A 2 Σ + state of these complexes. Theoretical work has also been extensive, both to 1 understand the spectra and recently [2] [3] [4] [5] to utilize the spectroscopic information to determine potential surfaces for these simple complexes which contain an open-shell radical species.
Recently, we reported 6 the laser induced fluorescence (LIF) A 2 Σ + − X 2 Π spectrum of the analogous Ar·SH complex observed in a supersonic free jet expansion. Subsequently, we have observed corresponding spectra for Ne·SH and Kr·SH. These spectra offer the opportunity to compare the characteristics of the R·SH complexes to the extensive body of information available on the R·OH complexes. This gives us the ability to understand how both the weakly bound X state potential and the "incipiently chemically bound" A state potential surface change as the chemical identity of the radical is altered.
We have now carried out extensive studies of the R·SH complexes and this paper is the first of several to detail our results. Based upon our LIF spectra, we report the origins of over 60 vibrational bands terminating in the A state of the various isotopomers of the R·SH complexes. We use several approaches to make assignments of these bands, in particular making extensive use of the heavy atom (Kr and S) isotope effect.
The assignment of vibrational quantum numbers for these bands is a prerequisite to a global understanding of a variety of other data that we have obtained, including rotational analyses 7 of a number of R·SH/D vibrational bands. The vibrational assignments are also necessary to understand the disparate quantum yield/photofragmentation ratios observed 8 for various vibrational levels of the A state. Finally, our data form the foundation for the construction of meaningful potential energy surfaces for these complexes. 9 These surfaces are vital for a detailed understanding of the photofragmentation dynamics in the A state as well as for comparisons of the bonding in the R·SH complexes to the analogous R·OH ones in both the X and A states, the former's vibronic structure having been characterized by our laser excited, dispersed fluorescence data.
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II. EXPERIMENTAL
Our experimental apparatus has been previously described 6 . The precursors were a 1% mixture of H 2 S balanced with He (Matheson) and the rare gases: Ne-70 (70% Ne and 30%
He) Ar, Kr (AGA Gas). The precursors were mixed on line and co-expanded through a pulsed pin-hole nozzle at a stagnation pressure of 100-150 psi. R·SH was produced by ArF excimer (193 nm) laser photolysis at the throat of the nozzle. Acceptable concentrations of rare gases for the production of Ar·SH and Kr·SH were found to vary from one to six percent of the total flow. For Ne·SH, the concentration of Ne-70 was 80-95% of the total flow. Since some S 2
transitions can easily obscure the weaker bands of the R·SH A − X transition, considerable care must be exercised to minimize the production of S 2 in the jet.
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For the experiments involving the R·SD complexes, the H 2 S precursor was replaced by D 2 S (Isotec, Inc.). All other isotopic species were observed in natural abundance.
The laser-induced fluorescence spectra of the complexes were obtained by using an excimer (Lambda Physik EMG 103 MSC) pumped dye laser (Lumonic HyperDye 300) with an external KDP frequency-doubling crystal to probe the complex. The excitation spectra were recorded by imaging the total fluorescence signals, the output of the PMT being routed to an 80 MHz LeCroy 2262 waveform digitizer.
III. RESULTS AND DISCUSSION
We present our analysis for the R·SH complexes, beginning with Kr·SH and continuing to Ar·SH and Ne·SH. Much of the analysis, described in detail for Kr·SH, is applicable in a straightforward manner for the lighter complexes.
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A. Kr·SH
More than 20 bands associated with transitions of the Kr complexes were observed in the vicinity of the SH A 2 Σ + −X 2 Π (0,0) band. An overview of this spectrum is shown in Fig.   1 , while the band origins are tabulated in Table 1 . A qualitative analysis of the rotational contours of these bands suggests the presence of at least four distinguishable progressions.
In three of the four progressions, the rotational contours can be partially resolved but the fourth progression (marked by ‡ in Fig. 1 ) shows no resolved rotational structure with our present laser resolution of about 0.2 cm −1 . It is beyond our instrumental limit to resolve the rotational contours for bands belonging to Kr n ·SH (n ≥2); therefore, the unresolved ‡ transitions are assigned to Kr n ·SH (n ≥2).
The partially resolved A, α and β progressions (see Fig. 1 ) are assigned to transitions of Kr·SH. Since the temperature in the jet is very low (T rot ≤10K), it is assumed that all the transitions of Kr·SH originate from the vibrationless level of the X state, i. The observed transition frequencies of the A, α and β progressions are listed in Table 1 .
There are a few observed bands with transition frequencies higher than those listed in Table   1 . Due to the poor S/N ratio of these bands, their rotational contours are unresolvable, and we cannot identify to which progressions or species they belong. No vibrational assignments for these bands are made.
The A Progression
In R·OH (R = Ar Fig. 1) . Accordingly, the A progression is identified as the pure van der Waals stretch progression i.e., A(0,0 Figure 2 shows an example of a partially resolved rotational contour of one band of the A progression.
A key point in our analysis is to determine the absolute vibrational quantum numbers corresponding to the lowest observed stretching band, labelled v A in Fig. 1 . Historically the vibrational isotope effect has been extensively used to resolve such assignment questions.
We have obtained the corresponding spectra of a number of the bands for the deuterated isotopomers (see Table 1 ) and report their rotational structure in a subsequent publication. However, this data is not very helpful for vibrational assignments. The underlying assumption for vibrational numbering via the isotope effect is that the potential is invariant to isotope substitution. This assumption is just not valid for the effective stretching potential upon D for H substitution. (See Section 3D.) Due to the significantly different amplitudes of the bending motion for H and D, each isotopomer has a different effective R-SH or R-SD stretching potential. This has led to the inverse isotope effect 1 reported for Ar·OH.
To avoid these difficulties, we turn to the isotopomers of the heavier atoms, Kr or S, for which we expect negligible potential variation, as has been previously reported for Kr·OH. Table   1 are then defined for band i
(All isotope shifts reported in this work are defined analogously -"light minus heavy.")
Our analysis is built upon the traditional formula 18 for the frequencies, ν, of the vibronic bands of the A state, assuming the transitions originate in the vibrationless level of the X state. We have for a progression in the levels, v i , of a given mode i,
where, consistent with our experimental precision, we neglect terms of higher order.
For a progression in the Kr-SH stretch, the 84 Kr− 86 Kr isotopic shifts, ∆ν s , are in turn given by As Fig. 3B shows, the trend of the isotope shift as a function of v s is clearly determined
by the values of ρ, ω s , ω s x s but a small offset is possible from the yet undetermined ∆ν 00 .
The major contribution to ∆ν 00 is the isotope shift of the zero-point level of the X state,
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∆G 0 . This value can be estimated from the vibrational structure of the X state, approximately determined from dispersed fluorescence data. Minor contributions include the small electronic isotope shift and the Kr isotope dependence of the zero-point bending vibration energy in the A state. For the analysis of the A stretch band, we take ∆ν 00 ≈ 0.08 (2) cm
the approximate value of the Kr isotopic zero-point shift in the X state as calculated from the vibrational frequencies observed in the dispersed fluorescence spectra of the complex. Indeed, using the observed isotope shifts and fitting ∆ν 00 leads to a value of 0.08(2) cm −1 , entirely consistent with our earlier estimate. We thereby obtain the values of ω s and ω s x s which are collected in Table 2 .
Continuing the spirit of the pseudo-diatomic analysis, we can estimate the A state dissociation energy D 0 using the well-known relationship,
(In Eq. (4), as appropriate, the calculation of D 0 is performed by taking ω s equal to the value of ω 0 , not ω e , for the stretch mode. )
For the X state, a lower limit for the dissociation energy can be estimated from the
where T 00 is the band origin frequency of Kr·SH (T 00 = 29663 cm −1 as obtained by extrapolation of the A progression to its origin), and P 11 (1.5) is the frequency (30832 cm −1 ) of the P 11 (1.5) rotational transition of SH. The molecular parameters for Kr·SH are collected in of these bands also can be characterized as doublets with a splitting ≤ 2 cm −1 . However, in the β bands, the rotational structure of each member of the doublet is different.
In Ar·OH, the progression of bend-stretch combination bands, originally called U bands, 13 has an intensity that is less than that of the pure van der Waals stretch progression. A similar result has been observed in Ar·SH 6 . In Kr·SH, the most intense A progression is already assigned to the van der Waals stretch. Hence, the α and β progressions are likely bend-stretch combination bands. The U bands of Ar·OH were assigned to transitions to the Table 2 Table 4 .
This leads to four possible combinations of vibrational assignments of v α and v β as given in Table 5 . There is however, one combination of assignments that we believe to be correct. A recent study 4 indicates the bending potential of Ar·OH is fairly harmonic for its lowest levels, similar to an ordinary triatomic molecule. Correspondingly, the energy interval of (0, 0 0 , 0) of the bonding in the two complexes. The above assignment is adopted for the summary of vibrational parameters given in Table 2 .
Perturbation
In the region between 30500 and 30515 cm This rotational structure, and assignment to bend-stretch combination bands, was confirmed by high resolution data taken of these two vibronic bands. Full results of the analysis of this high resolution data are presented in an accompanying paper 7 .
The absolute numbering within even the v A progression is a considerable challenge. Ar unlike Kr has only one isotope of any significant abundance. We therefore turn to the isotopes of S, 32 S (95%) and 34 S (4%). For isotopic analysis S is an inferior choice compared to Kr for two reasons. First, the low natural abundance of 34 S makes its spectrum quite weak. Secondly, since S is lighter, there is more likelihood of distinct potential surfaces for different isotopomers as in the case of H and D. The former deficiency affects the quality of our data while the latter affects the assumptions of our analysis.
Indeed in an earlier communication 6 , we reported an inability to make an absolute vibrational assignment to the v * (v * ≡ v A + 1) band in the A progression. We suggested that this might be due to inadequacies in the theory. With improved data and the observation of a new, lower frequency member, v A = v * − 1, of the progression, we are now able to assign absolute vibrational quantum numbers to this band with reasonable confidence.
In Fig. 7A Table 2 . Utilizing the relationships of Eqs. (4) and (5), we obtain the values of D 0
and D 0 given in Table 3 for Ar·SH.
The data for the bend-stretch combination bands had a much lower intensity than that of the pure stretch bands. As a result we were not able to obtain data for the Ar· 34 SH isotopomer. Since there are only two bands we were not even able to determine ω s x s and possible values for ω s . Hence we were not able to determine the absolute number of v α from our experimental data. However recent empirically calculated potential energy surfaces for the Ar and Kr complexes 9 can guide us in the absolute vibrational numbering of these bands. According to predictions for the bend-stretch progression from these calculations, v α = 1 agrees within 1cm −1 of the experimental frequencies. We have therefore adopted this assignment for the two bands.
The LIF spectrum of the deuterated complex contained many bands that appear to belong to Ar·SD. The pure stretch bands were easily assigned as high resolution data was taken of two of these bands, confirming the rotational structure and vibronic assignment.
Assignment of the absolute stretch vibrational quantum number presented more of a challenge. Because of the lack of high resolution data the absolute stretch vibrational quantum number could not be unambiguously assigned as it was with the hydrogenated complex.
Here again the recent calculations 9 done on these complexes were of assistance. Based on the Ar·SH potential energy surface, vibrational energy levels and rotational constants can be predicted for the deuterated species with only a change in the reduced mass and the bond distance of the SD moiety. Based on these predictions we were able to assign the absolute van der Waals stretch quantum number.
In addition to the pure stretch bands there are quite a number of other bands which required both SD and Ar in the expansion and did not appear to be clusters with more than one Ar. The assignment of these bands was based solely on the potential surface calculations.
The band positions in the LIF spectrum were within a couple wavenumbers of the predicted values for all the bands given in Table 6 . Details of the calculations can be found in Ref. 9 .
C. Ne·SH
The LIF excitation spectrum of Ne·SH is shown in Fig. 8 . Although a number of species, Ne·SH, Ne n ·SH(n ≥2), SH and S 2 gives rise to observable transitions in Fig. 8 it is relatively easy to separate the transitions of Ne·SH, Ne n ·SH(n ≥2), and SH on the basis of rotational contours, while S 2 transitions can be easily identified by their unique dependence on expansion conditions. The lines identified as Ne·SH are so indicated in Fig. 8 and their origin frequencies are given in Table 7 .
For Ne·SH, the lowest frequency transition observed is assigned to the origin, (0, 0 0 , 0), since the origin band was observed in Ne·OH where the Franck-Condon factor for this transition is expected to be less favorable than in Ne·SH.
The spectra for Ne·SH are the weakest of the three observed complexes, and only the dominant isotopic species, 20 Ne and 32 S, were observed. Since no isotopic data for a heavy atom is available the remaining lines cannot be unambiguously assigned. There are several Table 7 .
D. R·SD
As mentioned previously, the H/D isotope shift of the R·SH/D species is not appropriately applied to the assignment of the vibrational quantum for A state levels. This limitation stems fundamentally from the fact that the "effective potential" for a given motion, e.g., R-SH stretch, may be different for the H/D isotopomers since the averaging of the (zeropoint) motion, e.g., H/D bending amplitude, may differ for the two species. This has led to reports, for example, of the inverse isotope effect for Ar·OH/D.
Nonetheless, in this paper we report H/D isotope shifts for a number of bands of R·SH/D
in Tables 1, 6 , and 7. These results will be of significant interest as an additional test of calculated potential energy surfaces. However a brief analysis here of these results is rather enlightening. For this analysis and also for a direct comparison with the results of potential surface calculations for the A state, 9 we express the H-D isotopomer shift for all our observed transitions as
where again ∆ν D is defined in the sense of "light minus heavy." T 00 (C) is the excitation energy between the vibrationless levels of the A and X states of the complex. For Ne·SH this frequency is directly observed. For Kr·SH and Ar·SH it is extrapolated via Eq. (2) from the stretch progression (0, 0 0 , v s ). For Ar·SH/D, the extrapolation is very short and should be very accurate; for Kr·SH/D the extrapolation is somewhat longer and is more subject to error. The results for all three complexes are given in Table 8 . The remaining term of Eq.
(6), the shift ∆G c (v b , v s ) of a given stretch and/or bend level determined experimentally, can then be compared directly to the value calculated from the eigenvalues for the two isotopomers on the A state potential surface.
It is of some interest to estimate ∆T 00 (C) and compare it with our experimental results in Table 8 . We write ∆T 00 (C) as
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∆T 00 (C) = ∆T e + 1 2
≈ ∆T 00 (M) + ∆G c (0, 0)
In Eq. (7) ∆T e refers to the electronic isotope shift and quantities subscripted by SH refer to the (high-frequency) stretch of the SH monomer. These terms are combined into the quantity ∆T 00 . We would expect ∆T 00 to be well approximated by its value in the monomer which has been measured experimentally 20 to be T 00 (M) = −107.1 cm −1 . The remaining term in Eq. (7) is the difference, ∆G c (0, 0), in the zero-point energies of the A and X states contributed by the motions of the complex. We approximately split this term into separate stretch and bend contributions and write them in the traditional manner
The first term in Eq. These results are combined to produce the values of T 00 (C) (est.) given in Table 8 . This In the case of Kr·SH, where the experimental value is subject to greater error due to the long extrapolation the agreement is reasonable.
The remaining, and in some ways most interesting, portion of the observed isotope shift, 
IV. CONCLUSIONS
The use of the heavy atom isotope effect, along with ancillary observations, has allowed the assignment of specific vibrational quantum numbers to over 60 vibronic transitions,
in the complexes R·SH, R=Ne, Ar, Kr. These quantum number assignments are critical to the interpretation of a variety of additional data including rotational parameters 7 and photofragmentation ratios that we have obtained for these levels.
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These interpretations will be discussed in subsequent papers.
While we will present complete potential surface calculations soon 9 , the present data allows a useful qualitative description of the bonding in these complexes, and useful com- 
